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We analyzed the contribution of individual ocular components to vision-induced ametropias in 210 rhe-
sus monkeys. The primary contribution to refractive-error development came from vitreous chamber
depth; a minor contribution from corneal power was also detected. However, there was no systematic
relationship between refractive error and anterior chamber depth or between refractive error and any
crystalline lens parameter. Our results are in good agreement with previous studies in humans, suggest-
ing that the refractive errors commonly observed in humans are created by vision-dependent mecha-
nisms that are similar to those operating in monkeys. This concordance emphasizes the applicability of
rhesus monkeys in refractive-error studies.
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In a simplistic sense, the primary biometric variables that
potentially contribute to the eye’s refractive status are the refract-
ing powers of the cornea and crystalline lens and the axial dimen-
sions of the anterior chamber, lens and vitreous chamber. To
understand the contributions of these variables to ocular refrac-
tion, a substantial number of primarily cross-sectional studies have
examined the dimensions and distributions of these ocular compo-
nents in populations of emmetropic and ametropic eyes, the inter-
relations between these ocular components in emmetropic and
ametropic eyes, and the correlations between individual ocular
components and refractive error (Bullimore, Gilmartin, & Royston,
1992; Fledelius, 1988, 1995; Goss, Cox, Herrin-Lawson, Nielsen, &
Dolton, 1990; Grosvenor & Scott, 1991, 1993; Jensen, 1991; Larsen,
1971a, 1971b, 1971c, 1971d; Mayer, Hansen, Moore, Kim, & Fulton,
2001; McBrien & Millodot, 1987; Mutti et al., 2005; Sorsby, Benja-
min, Davey, Sheridan, & Tanner, 1957; Sorsby, Benjamin, Sheridan,
Stone, & Leary, 1961; Sorsby, Leary, & Fraser, 1966; Stenstrom,
1948; Zadnik et al., 2003). For example, correlation analyses have
shown that the primary ocular components that inﬂuence refrac-
tive error are interdependent and that during early development
these components grow in a coordinated manner to move thell rights reserved.
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th, TX, United States.eye toward emmetropia (Carroll, 1981, 1982; Hirsch, 1947; Hirsch
& Weymouth, 1947; Stenstrom, 1948; van Alphen, 1961). In other
words, compensatory alterations in related parameters occur to
promote emmetropia. In particular, the concept of the inﬂatable
globe evolved from these studies and the notion that aspects of
emmetropization are passive consequences of eye growth (Hof-
stetter, 1969; Koretz, Rogot, & Kaufman, 1995; Mutti et al., 1998;
Wallman & Adams, 1987), speciﬁcally that increases in axial length
during early development are counterbalanced by concomitant de-
creases in corneal power, lens thickness and lens power. These
studies have also provided insights into the nature of refractive er-
rors, in essence, how ametropic eyes, in particular myopic eyes, dif-
fer from emmetropic eyes. The results from these investigations
have demonstrated the relative importance of individual ocular
components in determining the eye’s refraction and provided in-
sights into the mechanisms that are associated with the develop-
ment of common refractive errors.
It has been consistently shown that elongation of the vitreous
chamber contributes to myopia (Wildsoet, 1998). However, each
of the major ocular components has been shown to potentially
contribute to myopic refractions. The degree of inﬂuence for a gi-
ven component is somewhat dependent on the analysis methods
and possibly the age of the sample studied (Wildsoet, 1998). For in-
stance, in his classic study, Stenstrom (1948), using correlation
analyses, showed that refraction was signiﬁcantly correlated with
corneal radius (r = +0.18), anterior chamber depth (r = 0.34),
and especially axial length (r = 0.76); therefore, he concluded that
axial length had the greatest inﬂuence on ocular refraction and
that most myopia was axial in nature. Using Stenstrom’s data
and partial correlation analyses, Hirsch and Weymouth (1947)
1868 Y. Qiao-Grider et al. / Vision Research 50 (2010) 1867–1881reported that axial length accounted for 47% of the variance in
refractive error, while corneal power and anterior chamber depth
were responsible for 24% and 7% of the variability of refraction,
respectively. van Alphen (1961) reanalyzed Stenstrom’s data using
partial correlation coefﬁcients and factor analysis and described
the myopic eye as one with a longer than normal axial length
and/or a more powerful cornea with a ﬂatter crystalline lens. More
recent investigations employing analyses based on structural mod-
els (Scott & Grosvenor, 1993) or quantitative analyses of growth
curves (Jones et al., 2005) for individual ocular components have
shown that in comparison to emmetropic eyes, myopic eyes have
higher corneal powers, higher lens powers, and greater anterior
and vitreous chamber depths.
Longitudinal studies of the changes in ocular components that
occur during the onset and/or progression of myopia have empha-
sized the contribution of vitreous chamber elongation to myopic
refractions (Fledelius, 1988; Grosvenor & Scott, 1993; Gwiazda
et al., 2003; Jensen, 1991; Mutti et al., 2005). In both juveniles
(Fledelius, 1988; Grosvenor & Scott, 1993; Gwiazda et al., 2003;
Jensen, 1991) and adults (Grosvenor & Scott, 1993; McBrien &
Adams, 1997), the onset and progression of myopia are strongly
correlated with increases in axial length and, speciﬁcally, vitreous
chamber depth. There is little or no evidence that increases in
either corneal power (Fledelius, 1988; Goss & Erickson, 1987;
Grosvenor & Scott, 1993; Jensen, 1991; McBrien & Adams, 1997;
Parssinen, 1993) or lens power (Bullimore et al., 1992; Grosvenor
& Scott, 1991; Jensen, 1991; Larsen, 1971c; McBrien & Adams,
1997; McBrien &Millodot, 1987) contribute to myopic progression.
However, the growth curves for the anterior chamber and corneal
power for myopic children are different in shape than those for
emmetropic children (Jones et al., 2005).
There are a number of parallels between the structural charac-
teristics of refractive errors in humans and those in animals with
experimentally induced ametropias. In particular, in a wide variety
of animal species, experimentally induced refractive errors are
associated with alterations in vitreous chamber depth and axial
length. For example, myopia produced by form deprivation or opti-
cal defocus is associated with vitreous chamber elongation in
chicks (Schaeffel, Glasser, & Howland, 1988; Wallman & Adams,
1987; Wildsoet & Wallman, 1995), tree shrews (Marsh-Tootle &
Norton, 1989; McBrien & Norton, 1992; Norton, Siegwart, & Ame-
do, 2006), guinea pigs (Howlett & McFadden, 2006; Jiang et al.,
2009), marmosets (Graham & Judge, 1999; Troilo & Judge, 1993),
and macaques (Greene, 1990; Hung, Crawford, & Smith, 1995;
Qiao-Grider, Hung, Kee, Ramamirtham, & Smith, 2004; Smith,
Bradley, Fernandes, & Boothe, 1999a; Smith, Harwerth, Crawford,
& von Noorden, 1987; Smith & Hung, 2000; Smith, Hung, Kee, &
Qiao, 2002a; Tigges, Tigges, Fernandes, Eggers, & Gammon, 1990;
Wiesel & Raviola, 1977). However, the associations between exper-
imental refractive errors and other ocular component changes are
less consistent between species and, in some cases, between stud-
ies. For example, experimental myopia has been associated with
increases in corneal power in guinea pigs (Howlett & McFadden,
2006). When form deprivation myopia is produced by lid closure,
decreases in corneal power have been reported for chicks (Troilo,
Li, Glasser, & Howland, 1995), marmosets (Troilo & Judge, 1993),
and tree shrews (Marsh-Tootle & Norton, 1989; McBrien & Norton,
1992; Norton et al., 2006). However, when spectacle lenses are em-
ployed to produce myopia, corneal power is not affected in maca-
ques (Hung et al., 1995; Smith & Hung, 1999; Smith, Hung, &
Harwerth, 1994), chicks (Irving, Callender, & Sivak, 1995), marmo-
sets (Graham & Judge, 1999) or tree shrews (Norton et al., 2006),
which suggests that lid closure can have confounding mechanical
effects on the cornea. Experimental myopia is associated with in-
creases in anterior chamber depth in guinea pigs (Howlett & McF-
adden, 2006) and decreases in anterior chamber depth in treeshrews (Marsh-Tootle & Norton, 1989; McBrien & Norton, 1992;
Norton et al., 2006). However, anterior chamber alterations have
not been consistently observed in chicks (Schaeffel et al., 1988;
Wallman & Adams, 1987; Wildsoet & Wallman, 1995), marmosets
(Troilo & Judge, 1993) or macaques (Smith & Hung, 1999). In-
creases and decreases in crystalline lens thickness have been ob-
served, respectively, in guinea pigs (Howlett & McFadden, 2006)
and tree shrews with experimental myopia (Marsh-Tootle & Nor-
ton, 1989; McBrien & Norton, 1992; Norton et al., 2006; Siegwart
& Norton, 1998), but no consistent changes in lens thickness have
been found in chicks (Irving et al., 1995; Troilo et al., 1995), mar-
mosets (Graham & Judge, 1999; Troilo & Judge, 1993) or macaques
(Greene, 1990; Hung et al., 1995; Tigges et al., 1990; Wiesel & Ravi-
ola, 1977). However, experimental myopia does increase the vari-
ability of lens power in chickens with experimental myopia (Priolo,
Sivak, Kuszak, & Irving, 2000).
Examining the nature of refractive errors in animals with exper-
imentally induced refractive errors, particularly vision-induced
ametropias, is important because it is a critical step in determining
the applicability of animal data to the human condition. Moreover,
if ocular development in these animals is similar to that of humans,
the results from these animal investigations can identify which
ocular components are affected by alterations in visual experience
and, thus, provide the foundation for understanding the effects of
visual experience on refractive development in humans. Refractive
development and the optical organization of macaque eyes are
very similar to those of humans (Bradley, Fernandes, Lynn, Tigges,
& Boothe, 1999; Greene, 1990; Qiao-Grider, Hung, Kee, Ramamir-
tham, & Smith, 2007b). However, previous studies of the nature
of experimental refractive errors in macaques have employed lim-
ited numbers of subjects and have not measured all of the key ocu-
lar components. The purpose of this study was to determine the
structural features of experimentally induced refractive errors in
a large number of infant rhesus monkeys.2. Materials and methods
2.1. Subjects
Data are presented for 210 infant rhesus monkeys (Macaca mul-
atta). The subject population included most of the animals that we
used in previous studies of the effects of visual experience on
refractive development and for which we had complete biometric
data (Hung & Smith, 1996; Hung, Wallman, & Smith, 2000; Hung
et al., 1995; Kee, Hung, Qiao, Habib, & Smith, 2002; Kee, Hung,
Qiao, & Smith, 2003; Kee, Hung, Qiao-Grider, Ramamirtham, &
Smith, 2005; Kee, Hung, Qiao-Grider, Roorda, & Smith, 2004; Kee
et al., 2007; Qiao-Grider, Hung, Kee, Ramamirtham, & Smith,
2007a; Qiao-Grider et al., 2004, 2007b; Ramamirtham et al.,
2006, 2007; Smith, 1998a, 1998b; Smith, Bradley, Fernandes, Hung,
& Boothe, 2001; Smith & Hung, 1999, 2000; Smith, Hung, Kee,
Qiao-Grider, & Ramamirtham, 2003; Smith, Kee, Ramamirtham,
Qiao-Grider, & Hung, 2005; Smith et al., 1994, 2007, 1999,
2002a; Smith, Hung, & Harwerth, 2000). The animals were ob-
tained at 2–3 weeks of age and housed in our primate nursery that
was maintained on a 12-h light/12-h dark lighting cycle. Animals
reared under continuous lighting conditions were excluded from
our analyses because evidence from chickens indicate that contin-
uous light can produce alterations in the ocular components of the
eye that are very different from those produced by form depriva-
tion or optical defocus and that may be secondary to alterations
in intraocular pressure (Lauber, 1987; Lauber & McGinnis, 1966;
Li, Troilo, Glasser, & Howland, 1995). Our rearing and experimental
procedures were reviewed and approved by the University of
Houston’s Institutional Animal Care and Use Committee and were
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Ophthalmic and Vision Research and the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
With the exception of 18 animals that were reared with unre-
stricted vision, all of the animals were subjected to one of a variety
of different experimental rearing strategies that employed either
form deprivation or optically imposed defocus to examine the ef-
fects of visual experience on refractive development. Although evi-
dence in chickens indicates that the effects of form deprivation and
optically imposed defocus, in particular hyperopic defocus, are not
mediated by identical mechanisms (Kee, Marzani, & Wallman,
2001), it is likely that the vision-dependent mechanisms that
mediate the effects of form deprivation and optical defocus have
many components in common. In this respect, in monkeys the ef-
fects of form deprivation and hyperopic defocus are both mediated
by local retinal mechanisms, dominated by visual signals from the
peripheral retina, and produce similar changes in the shapes of the
posterior globe (Huang et al., 2009; Hung et al., 2009; Smith, Hung,
& Huang, 2009a; Smith et al., 2009b) and the anterior cornea (Kee
et al., 2005). Additionally, multi-linear regression analyses using
treatment regimen as a dummy variable indicated that there were
no signiﬁcant differences between the effects of form deprivation
and optical defocus (p = 0.415–0.972). Consequently, for the pur-
poses of this study, we have assumed that form deprivation and
optical defocus affect the ocular components of refractions in a
qualitatively similar fashion.
The experimental rearing procedures were started at 2–4 weeks
of age (see Table 1 for details). The duration of the experimental
rearing procedures varied between 14 and 21 weeks and encom-
passed the rapid early phase of ocular growth and emmetropiza-
tion, which in normal infant monkeys is largely complete by
150 days of age (Bradley et al., 1999; Hung et al., 1995; Qiao-Grider
et al., 2007a). Although the treated subjects represent a heteroge-
neous group, all of the experimental manipulations were optically
induced. In part, because the nature and degree of altered visual
experience differed between monkeys, our rearing strategies re-
sulted in a wide range of spherical refractive errors. Thus, it was
possible to examine the ocular changes in monkeys that developed
moderate to high levels of myopia and hyperopia.
It is important to note that the subject population included both
Chinese- and Indian-derived sub-species of rhesus monkeys. Be-
cause there are signiﬁcant differences in the ocular dimensions be-
tween normal Chinese- and Indian-derived rhesus monkeys (Qiao-Table 1
Experimental rearing regimens.
Group Comments Numbe
monke
Normal control Unrestricted vision 18 (I =
C = 6)
Plano lens control Plano lenses binocularly 6 (I = 5
Binocular, full-ﬁeld, spherical
spectacle lenses
Lens power ranged from 6D to +12D 62 (I =
C = 4)
Binocular peripheral defocus Lens power ranged from 3D to +3D
(6 mm central aperture)
15 (I =
C = 15)
Monocular spherical spectacle
lenses
Lens power ranged from 6D to +6D 6 (I = 6
Monocular, full-ﬁeld form
deprivation
Three different strength diffuser lenses
were employed
36 (I =
C = 1)
Binocular peripheral form
deprivation
Diffuser lenses with 4–8 mm central
aperture
12 (I =
C = 12)
Monocular and binocular
cylindrical lenses
+1.50–3.00D  45, 90, 135 or 180 37 (I =
C = 0)
Binocular soft contact lenses Plano to 3D 18 (I =
C = 17)
I: Indian-derived monkeys; C: Chinese-derived monkeys.Grider et al., 2007a), the data for the 56 Chinese-derived monkeys
and 154 Indian-derived monkeys were analyzed separately.
Twelve Indian-derived monkeys and six Chinese-derived monkeys
that were reared with unrestricted vision were used to deﬁne the
normal range of refractive errors.
2.2. Biometric measurements
Cross-sectional data on refractive error, corneal power, axial
dimensions and the optical properties of the crystalline lens were
obtained from both eyes of all subjects at or near the end of the
experimental treatment period (mean = 135 ± 13 days for Indian-
derived monkeys and 143 ± 14 days for Chinese-derived monkeys).
To make these measurements, the monkeys were anesthetized
(intramuscular injection: ketamine hydrochloride, 15–20 mg/kg
and acepromazine maleate, 0.15–0.2 mg/kg; topical: 1–2 drops of
0.5% tetracaine hydrochloride) and cycloplegia was induced using
1% tropicamide that was topically instilled into the eyes 20–
30 min before any measurements that were potentially inﬂuenced
by the state of accommodation.
The spherical-equivalent, spectacle-plane refractive correction
for each eye was measured along the pupillary axis by two experi-
enced investigators using a streak retinoscope and averaged (Har-
ris, 1988). We have previously shown that our retinoscopy results
are strongly correlated with autorefractor measures of refractive
errors in monkeys (Smith & Hung, 1999) and highly repeatable
(Hung, Ramamirtham, Huang, Qiao-Grider, & Smith, 2008). The
anterior radius of curvature of the cornea was measured with a
hand-held keratometer (Alcon Auto-keratometer; Alcon Systems
Inc., St. Louis, MO) and/or a videotopographer (EyeSys 2000; Eye-
Sys technologies Inc., Houston, TX). The two instruments provided
repeatable and comparable measures of corneal curvature in infant
monkeys (Kee et al., 2002). Corneal power was calculated by
assuming that the cornea was a single, spherical refracting surface
separating air from a media with a refractive index of 1.3375.
The axial dimensions of the eye, including anterior chamber and
vitreous chamber depths, lens thickness, and the sum of these, ax-
ial length, were measured by A-scan ultrasonography using an
instrument with a focused, 7-MHz transducer (Image 2000, Men-
tor, Norwell, MA). The reported axial dimensions represent the
average of 10 individual readings.
The curvatures of the anterior and posterior lens surfaces were
measured by video phakometry (Mutti, Zadnik, & Adams, 1992).r of
ys
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posterior surfaces were derived by measuring the apparent sizes
of Purkinje Images I, III, and IV produced by the collimated light
from two point sources that were optically imaged at inﬁnity. Data
were obtained for the 45, 90, and 135 meridians and then aver-
aged. At least two clear frames were measured for each image. The
equivalent radii for the lens surfaces were determined by compar-
ing the sizes of the Purkinje images to the catoptric images ob-
tained from a series of precision ball bearings (Mutti et al., 1992).
With knowledge of the eye’s refractive error, corneal power, and
axial dimensions, the anterior radius of curvature for the crystal-
line lens was calculated by paraxial ray tracing. For the posterior
lens surface, an iterative procedure was used to ﬁnd the posterior
lens radius of curvature and the equivalent refractive index of the
lens that produced agreement between the measured refractive er-
ror and the refractive error calculated from ocular component val-
ues. The equivalent lens power was then calculated using the thick
lens formula (Keating, 2002).
2.3. Data analysis
When comparing several means where there was only one way
to classify the populations of interest (such as refractive error), we
employed a one-way analysis of variance (ANOVA) (Moore & McC-
abe, 1993a). One-way ANOVAs were used to compare the mean
values for each ocular component between the different refrac-
tive-error groups (i.e., hyperopic, emmetropic and myopic groups)
for the right and left eyes. Simple linear regression analysis was
used when studying the relationship between a response variable
and one or more explanatory variables (Moore & McCabe, 1993c).
In the present study, simple correlation coefﬁcients between each
ocular component and refractive error were calculated for each
refractive-error group for each sub-species of monkeys. Two sam--10 -5 0 5 10
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Fig. 1. Frequency distributions for spherical-equivalent refractive error and anisometrop
of the treatment period for the treated monkeys and at equivalent ages for control mon
dashed lines in A and B represent ±1 standard deviations from the mean refractive errople t-tests were used to compare the mean values between groups.
There is no evidence that the right and left eyes respond differently
to the same treatment regimen; multi-linear regression analyses
using the left and right eyes as dummy variables indicated that
there were no signiﬁcant differences between the results for the
right and left eyes (p = 0.128–0.934). As a result, the left and right
eye data were pooled together in regression and correlation analy-
ses. The primary reason for presenting both left and right eye data
was that doing so provided an opportunity to examine a relatively
rare resource in more detail and to enhance the likelihood that we
would detect subtle changes. In anisometropic monkeys, where the
left and right eye samples were of equal size and the units in the
two samples were matched, the data from the Indian- and Chi-
nese-derived monkeys were pooled and paired t-tests were em-
ployed to examine the interocular differences in ocular
parameters (Moore & McCabe, 1993b). All statistical tests were
performed using Minitab software (Release 12.21, Minitab Inc.,
State College, PA).
3. Results
3.1. Refractive-error distributions
The frequency distributions of spherical-equivalent refractive
corrections for the right and left eyes of the Indian- (135 ± 13 days)
and Chinese-derived monkeys (143 ± 14 days) obtained near the
end of the treatment period for the lens-reared monkeys are shown
in Fig. 1A and B. The different treatment regimens resulted in a
wide range of predominately hyperopic refractive errors within
each group (+8.25 to 8.50D for Indian-derived monkeys, +7.00
to 4.00D for Chinese-derived monkeys). For analysis purposes,
‘‘emmetropia” within each sub-species was deﬁned as refractive
errors that fell within ±1 SD of the mean refractive error for the-10 -5 0 5 10
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For the Indian-derived monkeys, the emmetropic range extended
from +1.58 to +3.73D; the range was +1.40 to +2.81D for the Chi-
nese-derived monkeys. Because the distribution of refractive errors
in normal monkeys is leptokurtic, these limits included 15 of the
18 normal monkeys. For analysis purposes, experimental eyes that
had refractive errors that fell above and below these ranges were
classiﬁed as hyperopic and myopic, respectively.
The two eyes of the normal control monkeys were very well
matched; the average absolute amount of anisometropia was
0.14 ± 0.07D and 0.23 ± 0.29D for the Indian- and Chinese-derived
controls, respectively. However, the experimental animals exhib-
ited much wider ranges of anisometropias (Fig. 1C and D), which
provided additional within animal comparisons of the ocular
changes associated with ametropias.
3.2. Comparisons of ocular components between hyperopic,
emmetropic and myopic monkeys
Tables 2 and 3 include the mean (±SD) refractive errors and the
ocular component values obtained at ages corresponding to the
end of the experimental treatment period for the Indian- and Chi-
nese-derived monkeys, respectively. Each table shows the data for
the right and left eyes of the hyperopic, emmetropic, and myopic
subgroups and the results of the one-way ANOVAs. Not surpris-
ingly, because each subgroup was deﬁned by their refractive errors,
the ANOVAs showed that there were signiﬁcant differences in the
mean refractive errors. More importantly, there were adequate
numbers of subjects in each subgroup to support our analyses (In-
dian-derived right eyes: 47 hyperopic, 53 emmetropic and 54 myo-
pic; Indian-derived left eyes: 53 hyperopic, 59 emmetropic and 42
myopic; Chinese-derived right eyes: 14 hyperopic, 16 emmetropic
and 26 myopic; Chinese-derived left eyes: 18 hyperopic, 17 emme-
tropic and 21 myopic).
For both the Indian- and Chinese-derived populations, the most
consistent result from the ANOVA analyses were that there were
signiﬁcant differences in vitreous chamber depth and axial length
between the refractive-error subgroups. For the Indian-derivedTable 2
One way ANOVA comparing hyperopic, emmetropic and myopic monkeys: Indian-derived
Groups Eyes Refractive
error
Corneal
power
Anterior
chamber
depth
Lens
thick
Hyperopic group OD 5.27 ± 1.19 55.86 ± 1.84 2.86 ± 0.34 3.54
OS 5.20 ± 1.05 56.18 ± 1.72 2.95 ± 0.27 3.53
Emmetropic group OD 2.56 ± 0.52 56.19 ± 1.70 2.94 ± 0.32 3.53
OS 2.60 ± 0.58 56.06 ± 1.49 2.91 ± 0.27 3.53
Myopic group OD 1.23 ± 2.56 55.98 ± 1.40 3.01 ± 0.31 3.59
OS 0.54 ± 1.62 55.66 ± 1.40 3.13 ± 0.37 3.60
ANOVA p value OD <0.001 0.584 0.084 0.055
OS <0.001 0.246 0.002 0.030
Conﬁdence interval of the
differences between
emmetropic vs.
hyperopic
OD 3.51 to
1.91a
0.45 to
1.12
0.07 to
0.24
0.0
0.05
OS 3.09 to
2.10a
0.81 to
0.58
0.18 to
0.10
0.0
0.06
Conﬁdence interval of the
differences between
emmetropic vs. myopic
OD 3.02 to 4.55a 0.53 to
0.97
0.21 to
0.09
0.1
0.003
OS 2.61 to 3.66a 0.34 to
1.13
0.37 to
0.07a
0.1
0.00
Conﬁdence interval of the
differences between
hyperopic vs. myopic
OD 5.70 to 7.29a 0.90 to
0.66
0.30 to
0.01
0.1
0.01
OS 5.20 to 6.27a 0.24 to
1.27
0.33 to
0.02a
0.1
0.00
a The differences between groups are statistically signiﬁcant at a = 0.05 family error ranimals, the conﬁdence intervals for all of the between refrac-
tive-error subgroup comparisons for vitreous chamber depth and
axial length did not include zero, i.e. there were signiﬁcant differ-
ences in axial length and vitreous chamber depth between these
subgroups. For the Chinese-derived animals, the myopic eyes had
longer vitreous chambers and axial lengths than the hyperopic
(both left and right eyes) and emmetropic eyes (right eyes only).
There were also signiﬁcant differences in axial length and vitreous
chamber depth (3 out of 4 possible comparisons) between the
emmetropic and hyperopic eyes.
There were no systematic differences in corneal power or lens
equivalent power between the refractive-error subgroups. How-
ever, there were some anterior segment differences. Altogether 6
of the possible 60 comparisons of anterior segment components
between refractive-error subgroups had conﬁdence intervals that
excluded zero. These signiﬁcant comparisons indicated that, in
comparison to hyperopic or emmetropic eyes, myopic eyes tended
to have longer anterior chamber depths (3 of 12 comparisons),
longer lens radii (2 of 24 comparisons), and higher equivalent lens
powers (1 of 12 comparisons).
3.3. Simple correlation coefﬁcients between refractive errors and
ocular components
Table 4 shows simple correlation matrices that were calculated
for the data from both eyes of the Indian- and Chinese-derived
monkeys. Correlation coefﬁcients are shown for the hyperopic,
emmetropic and myopic subgroups and for all of the refractive-er-
ror subgroups combined. Only two ocular component values, vitre-
ous chamber depth and axial length, were consistently correlated
with the eye’s refractive error. For both Indian- and Chinese-de-
rived monkeys, refractive error became more myopic/less hyper-
opic with increases in vitreous chamber depth (Fig. 2) and axial
length. By inspection, the correlations tended to be the strongest
in the combined and myopic data sets, weaker in the hyperopic
subgroups, and weakest or non-existent in the emmetropic sub-
groups. In order to test whether the correlations between refrac-
tive error and vitreous chamber depth were different betweenmonkeys (mean ± standard deviation).
ness
Vitreous
chamber
depth
Axial length Anterior
lens radius
of
curvature
Posterior
lens radius
of curvature
Equivalent
lens power
± 0.10 9.43 ± 0.40 15.82 ± 0.49 6.88 ± 0.55 4.70 ± 0.40 47.62 ± 6.94
± 0.11 9.36 ± 0.38 15.86 ± 0.42 6.89 ± 0.64 4.74 ± 0.26 51.47 ± 2.50
± 0.12 9.80 ± 0.39 16.28 ± 0.47 6.63 ± 0.61 4.86 ± 0.38 50.44 ± 3.25
± 0.15 9.86 ± 0.36 16.29 ± 0.43 6.66 ± 0.48 4.91 ± 0.35 49.47 ± 2.98
± 0.14 10.37 ± 0.53 17.00 ± 0.55 6.61 ± 0.51 4.76 ± 0.32 49.49 ± 3.37
± 0.15 10.32 ± 0.43 17.06 ± 0.57 6.62 ± 0.47 4.70 ± 0.33 48.48 ± 3.82
<0.001 <0.001 0.362 0.42 0.186
<0.001 <0.001 0.349 0.083 0.053
7 to 0.15 to
0.59a
0.21 to
0.71a
0.72 to
0.23
0.15 to
0.47
0.82 to
6.47
6 to 0.31 to
0.67a
0.21 to
0.65a
0.66 to
0.21
0.11 to
0.44
4.76 to
0.76
1 to 0.79 to
0.37a
0.96 to
0.48a
0.37 to
0.41
0.16 to
0.34
2.00 to
3.91
3 to 0.65 to
0.27a
1.00 to
0.54a
0.30 to
0.40
0.02 to
0.43
1.25 to
3.23
1 to 1.16
to0.73a
1.43 to
0.94a
0.20 to
0.74
0.37 to
0.24
5.47 to
1.73
4 to 1.15 to
0.76a
1.44
to0.97a
0.19 to
0.72
0.25 to
0.33
0.10 to
5.88a
ate. Tukey’s test.
Table 3
One Wav ANOVA Comoarina Hvoerooic. EmmetroDic and Mvooic Monkevs: Chinese-derived Monkevs (Mean ± Standard Deviation).
Groups Eyes Refractive
error
Corneal
power
Anterior
chamber
depth
Lens
thickness
Vitreous
chamber
depth
Axial length Anterior
lens radius
of
curvature
Posterior
lens radius
of
curvature
Equivalent
lens power
Hyperopic group OD 4.15 ± 1.25 54.66 ± 1.16 3.27 ± 0.24 3.93 ± 0.08 9.30 ± 0.36 16.51 ± 0.48 5.90 ± 0.13 4.36 ± 0.15 43.27 ± 2.86
OS 4.07 ± 1.36 54.16 ± 1.35 3.42 ± 0.38 3.94 ± 0.11 9.38 ± 0.46 16.67 ± 0.65 5.48 ± 0.35 4.07 ± 0.28 46.07 ± 14.10
Emmetropic group OD 2.44 ± 0.29 54.35 ± 1.60 3.43 ± 0.21 3.95 ± 0.09 9.74 ± 0.39 17.13 ± 0.27 5.93 ± 0.56 4.61 ± 0.68 45.46 ± 6.13
OS 2.13 ± 0.38 53.85 ± 1.72 3.55 ± 0.25 3.94 ± 0.12 9.90 ± 0.29 17.39 ± 0.44 5.77 ± 0.62 4.51 ± 0.65 46.14 ± 5.24
Myopic group OD 0.17 ± 1.51 54.54 ± 1.73 3.51 ± 0.25 3.93 ± 0.16 10.18 ± 0.47 17.65 ± 0.56 6.26 ± 0.57 4.69 ± 0.71 45.12 ± 3.63
OS 0.38 ± 1.45 54.80 ± 1.67 3.52 ± 0.22 3.89 ± 0.20 10.09 ± 0.47 17.53 ± 0.61 6.44 ± 0.39 4.96 ± 0.67 47.75 ± 4.19
ANOVA p value OD <0.001 0.864 0.046 0.903 <0.001 <0.001 0.305 0.677 0.726
OS <0.001 0.189 0.470 0.666 <0.001 0.001 0.004 0.045 0.881
Conﬁdence interval of the
differences between
emmetropic vs.
hyperopic
OD 2.78 to
0.63a
1.69 to
1.08
0.10 to
0.41
0.12 to
0.16
0.02 to
0.91
0.10 to
1.14a
0.78 to
0.83
0.75 to
1.26
4.91 to 9.29
OS 2.92 to
1.96a
1.60 to
1.00
0.14 to
0.40
0.16 to
0.16
0.11 to
0.94a
0.16 to
1.29a
0.39 to
0.98
0.41 to
1.29
10.67 to
10.80
Conﬁdence interval of the
differences between
emmetropic vs. myopic
OD 1.68 to 3.54a 1.39 to
1.11
0.29 to
0.12
0.09 to
0.13
0.82 to
0.07a
0.94
to0.10a
0.95 to
0.28
0.84 to
0.68
5.04 to 5.74
OS 1.56 to 3.44a 2.18 to
0.32
0.24 to
0.05
0.10 to
0.18
0.55 to
0.19
0.65 to
0.37
1.25 to
0.09a
1.17 to
0.27
10.69 to
7.45
Conﬁdence interval of the
differences between
hyperopic vs. myopic
OD 3.34 to 5.29a 1.14 to
1.38
0.47 to
0.01a
0.10 to
0.19
1.30 to
0.47a
1.60 to
0.68a
1.13 to
0.41
1.30 to
0.62
8.62 to 4.93
OS 3.51 to 5.37a 1.86 to
0.62
0.36 to
0.15
0.36 to
0.11
1.09 to
0.33a
1.39 to
0.35a
1.65 to
0.27
1.74 to
0.04a
12.41 to
9.05
a The differences between groups are statistically signiﬁcant at a = 0.05 family error rate. Tukey’s test.
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analyses using the different refractive groups as dummy variables
were performed, which indicated that in Chinese-derived
(p 6 0.001 for both the slope and intercept), but not Indian-derived
monkeys (p = 0.128 for intercept, p = 0.508 for slope), there were
signiﬁcant differences in the correlations between refractive error
and vitreous chamber depth between the different refractive-error
groups. When the data for the Indian-derived and Chinese-derived
monkeys were combined, there were also signiﬁcant differences in
the vitreous chamber depth versus refractive error correlations be-
tween the different refractive-error subgroups (p < 0.001 for both
the slope and intercept). However, one needs to be cautious when
comparing the correlation coefﬁcients for refractive error between
these different refractive groups because the absolute ranges of
refractive errors in the emmetropic, hyperopic and myopic groups
were quite different. No other ocular components, in either the In-
dian or Chinese-derived data set, were signiﬁcantly correlated with
refractive error.
The three ocular components that contribute to axial length (i.e.,
anterior chamberdepth, lens thickness andvitreous chamberdepth)
showed relatively consistent positive correlations with axial length
(Fig. 3). For vitreous chamber depth, the highest correlations with
axial lengthwere found in the combined data set for all of the refrac-
tive-error subgroups, however, all eight possible correlations were
highly signiﬁcant and the correlation coefﬁcients were higher than
0.591 for all refractive-error subgroups (Table 4). Anterior chamber
depthwaspositively and signiﬁcantly correlatedwith axial length in
7 of 8 subgroup analyses; however, in each case the correlation coef-
ﬁcients were smaller than those for the vitreous chamber. Lens
thickness was positively correlated with axial length in only 4 of
the 8 possible subgroup analyses. Given that the vitreous chamber
is the only axial component signiﬁcantly correlated with refractive
error and that only some subgroups showed signiﬁcant differences
in anterior chamber depth or lens thickness between myopes and
hyperopes (Tables 2 and 3), it is reasonable to expect that vitreous
chamber depth would contribute more to variations in total axial
length than anterior chamber depth or lens thickness.Anterior chamber depth was signiﬁcantly correlated with vitre-
ous chamber depth in 1 of the possible 2 emmetropic eye correla-
tions. However, there were no signiﬁcant correlations between
anterior chamber depth and vitreous chamber depth in either the
myopic, hyperopic or combined refractive-error subgroups, i.e.
these two components develop in an independent manner when
ametropia develops. On the other hand, lens thickness tended to
be negatively correlated with vitreous chamber depth, but this
relationship reached statistical signiﬁcance in only 3 of 8 possible
comparisons, i.e. lens thickness is largely independent of vitreous
chamber depth. There was no clear cut relationship between ante-
rior chamber depth and lens thickness. Although there was a sig-
niﬁcant positive correlation between lens thickness and anterior
chamber depth in 3 of the 8 possible comparisons, the correlation
coefﬁcients were relatively low.
Corneal power was consistently negatively correlated with the
axial components, especially vitreous chamber depth and total ax-
ial length, i.e., the longer the eye, the lower the corneal power
(Fig. 4). These correlations tended to be highest in the emmetropic
subgroups (Table 4); probably reﬂecting the fact that the cornea is
the dominant optical component and that in emmetropic eyes
there is a clear cut relationship between total refracting power
and axial length. However, signiﬁcant correlations between cor-
neal power and axial length were found in all three refractive-error
subgroups and in the combined data (7 out of 8 possible compar-
isons, Table 4). To compare the correlations between the different
refractive-error subgroups, multi-linear regression analyses using
the different refractive groups as dummy variables indicated that
in Indian-derived (p 6 0.001 for both the slope and intercept) but
not Chinese-derived monkeys (p = 0.05 for intercept, p = 0.10 for
slope), there were signiﬁcant differences in the correlations be-
tween corneal power and axial length for the different refractive-
error subgroups. Moreover, when the data for the Indian- and Chi-
nese-derived monkeys were combined, there were signiﬁcant dif-
ferences in the correlations between the different refractive-error
subgroup (p < 0.001 for both the slope and intercept), which indi-
cates that the ratio between corneal power and axial length is
Table 4
Simple correlation coefﬁcients between ocular components in refractive-error subgroups of Chinese- and Indian-derived monkeys.
Groups Ocular component Refractive error Corneal power Anterior chamber depth Lens thickness Vitreous chamber depth
Hyperopic group Corneal power Indian 0.091
Chinese 0.054
Anterior chamber depth Indian 0.154 0.171
Chinese 0.217 0.308
Lens thickness Indian 0.198 0.021 0.205*
Chinese 0.315 0.194 0.111
Vitreous chamber depth Indian 0.413*** 0.698*** 0.135 0.283*
Chinese 0.520** 0.199 0.278 0.315
Axial length Indian 0.223* 0.700*** 0.592*** 0.110 0.680***
Chinese 0.683*** 0.380 0.596** 0.462* 0.652***
Emmetropic group Corneal power Indian 0.122
Chinese 0.024
Anterior chamber depth Indian 0.046 0.080
Chinese 0.313 0.255
Lens thickness Indian 0.181 0.270** 0.409***
Chinese 0.014 0.372* 0.0.95
Vitreous chamber depth Indian 0.312*** 0.813*** 0.340*** 0.046
Chinese 0.302 0.431* 0.170 0.5**
Axial length Indian 0.277** 0.708*** 0.511*** 0.529*** 0.591***
Chinese 0.419* 0.804*** 0.453* 0.269 0.648***
Myopic group Corneal power Indian 0.106
Chinese 0.068
Anterior chamber depth Indian 0.133 0.060
Chinese 0.229 0.143
Lens thickness Indian 0.154 0.324*** 0.067
Chinese 0.249 0.069 0.055
Vitreous chamber depth Indian 0.671*** 0.382*** 0.067 0.188
Chinese 0.615*** 0.589*** 0.107 0.186
Axial length Indian 0.436*** 0.418*** 0.558*** 0.102 0.731***
Chinese 0.611*** 0.589*** 0.260 0.231 0.853***
All Corneal power Indian 0.041
Chinese 0.093
Anterior chamber depth Indian 0.114 0.067
Chinese 0.187 0.188
Lens thickness Indian 0.112 0.227*** 0.254***
Chinese 0.151 0.174 0.041
Vitreous chamber depth Indian 0.777*** 0.504*** 0.011 0.007
Chinese 0.681*** 0.336*** 0.181 0.242*
Axial length Indian 0.727*** 0.48*** 0.526*** 0.307*** 0.828***
Chinese 0.730*** 0.437*** 0.469*** 0.289** 0.817***
* p 6 0.05.
** p 6 0.01.
*** p 6 0.001.
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monkeys.
3.4. Interocular differences in ocular components in anisometropic
monkeys
Fifty-four of the Indian-derived monkeys and 13 of the Chinese-
derived monkeys had anisometropias larger than 1D. To examine
how the two eyes of anisometropic monkeys differ, the Indian-de-
rived and Chinese-derived data were combined and paired t-tests
were used to determine if there were interocular differences in
the ocular components. As illustrated in Fig. 5, the more myopic/
less hyperopic eyes had signiﬁcantly longer axial lengths
(16.89 ± 0.73 mm vs. 16.52 ± 0.72 mm, p < 0.001) than the more
hyperopic/less myopic eyes. These longer axial lengths were char-
acterized by longer vitreous chambers (10.16 ± 0.65 mm vs.
9.79 ± 0.53 mm, p < 0.001). The more myopic eyes also had signif-
icantly more powerful corneas (55.84 ± 1.77D vs. 55.48 ± 1.63D,
p < 0.001). No signiﬁcant interocular differences were found for
anterior chamber depth (3.08 ± 0.37 mm vs. 3.09 ± 0.36 mm,
p = 0.64) or for any of the lens parameters including lens thickness
(3.63 ± 0.21 mm vs. 3.64 ± 0.20 mm, p = 0.64), anterior lens radius
(6.665 ± 0.64 mm vs. 6.70 ± 0.51 mm, p = 0.39), posterior lens ra-
dius (4.68 ± 0.41 mm vs. 4.73 ± 0.32 mm, p = 0.17), equivalent lens
index (1.470 ± 0.024 vs. 1.472 ± 0.017, p = 0.53) and equivalent lenspower (46.90 ± 5.47D vs. 47.77 ± 3.99D, p = 0.39), i.e. the lens
parameters did not show any differential growth during the devel-
opment of anisometropia.
The interocular correlation coefﬁcients for ocular components
are shown in Table 5 for the anisometropicmonkeys. The signiﬁcant
contributions of axial length and vitreous chamber depth to the
interocular differences in refractive error were predominant
(Fig. 6A and D). The correlation between the interocular differences
in corneal power and refractive error was also signiﬁcant, i.e., the
more myopic eyes tended to have steeper corneas (Fig. 6E). How-
ever, the degree of anisometropia was not signiﬁcantly correlated
with interocular differences in either anterior chamber depth or lens
thickness. The interocular differences in axial length were associ-
atedwith interocular differences in anterior chamber depth and vit-
reous chamber depth (Table 5). In addition, interocular differences
in corneal power were positively correlated with axial length, i.e.,
the longer the eye, the steeper the cornea. However, interocular dif-
ferences in lens thickness did not contribute to anisometropia or to
interocular differences in axial length (Table 5).4. Discussion
Our results revealed that the experimentally induced ametropic
eyes in infant rhesus monkeys have similar structural characteris-
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Fig. 2. Simple correlation analyses between refractive error and vitreous chamber depth for all eyes (A), hyperopic eyes (B), emmetropic eyes (C) and myopic eyes (D). The
ﬁlled and open circles represent individual Indian-derived right and left eyes, respectively. The ﬁlled and open triangles represent individual Chinese-derived right and left
eyes, respectively. The correlations between refractive error and vitreous chamber depth are represented by the solid (Indian-derived monkeys) and dashed lines (Chinese-
derived monkeys). Note that the slopes of the regression lines for emmetropic eyes were ﬂatter than those for the myopic, hyperopic or combined subject groups.
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mans. As in humans, ametropia development in young rhesus
monkeys emphasized the dominant role of the eye’s axial dimen-
sions, in particular vitreous chamber depth, with corneal power
as a secondary factor. Speciﬁcally in young monkeys, the more
myopic eyes were characterized with longer axial lengths, longer
vitreous chamber depths and steeper corneas with vitreous cham-
ber depth and corneal power accounting for approximately 80%
and 10% of the variations in refractive error, respectively. None of
the crystalline lens parameters (i.e., lens thickness, anterior and
posterior lens radii of curvature, lens index, and lens equivalent
power) consistently contributed to the eye’s refractive status.
4.1. The vitreous chamber dominates ametropia development
In both Indian- and Chinese-derived monkeys, the more myopic
eyes had signiﬁcantly longer vitreous chamber depths. All analy-
ses, including one-way ANOVAs, correlation analyses between ocu-
lar components, and paired t-tests and correlation analyses
between interocular differences in ocular components indicated
that vitreous chamber depth contributed signiﬁcantly to refractive
error in both sub-species. This was, however, more obvious in In-
dian-derived monkeys than in Chinese-derived monkeys, probably
due to the fact that the sample size of the Indian-derived subject
group (n = 154) was larger than that for the Chinese-derived group
(n = 56). However, it is also possible that there are quantitative dif-
ferences in the responsiveness between these two sub-species to
alterations in visual experience. Unfortunately, we do not have suf-
ﬁcient data obtained from both sub-species under identical rearing
conditions to test this hypothesis (e.g., see monocular form depri-
vation treatment numbers in Table 1).
The consensus that the vitreous chamber acts as the most sig-
niﬁcant contributor to ametropia development has been well
established in human refractive-error studies. From regression
analyses (Carroll, 1981, 1982; Hirsch, 1947; Stenstrom, 1948; vanAlphen, 1961) to between group comparisons (Bullimore et al.,
1992; Fledelius, 1995; Grosvenor & Scott, 1991; McBrien & Millo-
dot, 1987), from cross-sectional data (Larsen, 1971a, 1971b,
1971c, 1971d; Stenstrom, 1948) to longitudinal studies (Fledelius,
1982; Garner, Stewart, Owens, Kinnear, & Frith, 2006; Grosvenor &
Scott, 1993; Jensen, 1991; Jorge, Almeida, & Paraﬁta, 2007; McBri-
en & Adams, 1997), and from studies of children (Fledelius, 1982;
Fulk, Cyert, & Parker, 2002; Fulk, Cyert, Parker, & West, 2003; Gar-
ner et al., 2006; Gwiazda et al., 2003; Larsen, 1971a, 1971b, 1971c,
1971d; Mutti et al., 2005; Saw, Carkeet, Chia, Stone, & Tan, 2002;
Saw et al., 2005a, 2005b; Zadnik et al., 2003) to studies of adults
or late-onset ametropias (Bullimore et al., 1992; Fledelius, 1988,
1995; Garner, Stewart, Kinnear, & Frith, 2004; Garner et al.,
2006; Grosvenor & Scott, 1991, 1993; Jensen, 1991; Jorge et al.,
2007; Mallen, Gammoh, Al-Bdour, & Sayegh, 2005; McBrien &
Adams, 1997; McBrien & Millodot, 1987; Saw et al., 2002, 2005a,
2005b), more myopic eyes have always been shown to have longer
vitreous chambers. There is little axial length data available for hu-
man infants at ages that are equivalent to those of our infant mon-
keys (on average about 14 months of age in humans). However, the
available data from human infants also supports the axial nature of
refractive errors. For example, Mutti et al. (2005) reported that in
young infants 3–9 months of age, the reduction in hyperopia asso-
ciated with emmetropization correlated primarily with axial elon-
gation with little contribution from either the lens or cornea,
although both the lens and cornea are growing and losing optical
power during this period. Moreover, for anisometropic subjects,
refractive-error studies of humans (Logan, Gilmartin, Wildsoet, &
Dunne, 2004) and many animals, (e.g., chicken (Hodos, Fitzke,
Hayes, & Holden, 1985; Hodos & Kuenzel, 1984; Wallman, Turkel,
& Trachtman, 1978; Yinon, Rose, & Shapiro, 1980), tree shrews
(Marsh-Tootle & Norton, 1989; Sherman, Norton, & Casagrande,
1977), marmosets (Troilo & Judge, 1993), cats (Gollender, Thorn,
& Erickson, 1979; Kirby, Sutton, & Weiss, 1982; Yinon, Koslowe,
& Rassin, 1984), pigeons (Bagnoli, Porciatti, & Francesconi, 1985),
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Fig. 3. Simple correlation analyses between ocular components (A. anterior
chamber depth, B. lens thickness, C. vitreous chamber depth) and axial length.
For details, see Fig. 2.
Y. Qiao-Grider et al. / Vision Research 50 (2010) 1867–1881 1875gray squirrels (McBrien, Moghaddam, New, & Williams, 1993), the
American kestrel (Andison, Sivak, & Bird, 1992), barn owls (Knud-
sen, 1989), guinea pigs (Howlett & McFadden, 2006), wallabies
(Harman, Hoskins, & Beazley, 1999), rabbits (Gao et al., 2006)
and mice (Tejedor & de la Villa, 2003)) have all reported signiﬁcant
interocular differences in vitreous chamber depth in anisometropic
individuals. Nonetheless, the ages of the monkeys used in this
study were equivalent to about 1–2 years of age for human infants.
Therefore, as discussed below in more detail, caution should be
used when attempting to extrapolate these experimental results
from infant rhesus monkeys to adolescent humans, i.e., to older
ages when myopia most commonly develops in children.4.2. Other ocular components make minor contributions to refractive-
error development
Our statistical tests failed to reveal a consistent anterior cham-
ber contribution towards ametropia. No signiﬁcant interocular dif-
ferences in anterior chamber depth were found in anisometropic
monkeys. In simple correlation analyses, none of the analyses
showed a signiﬁcant correlation between refractive error and ante-
rior chamber depth. While the ANOVA tests showed that anterior
chamber depth was signiﬁcantly different between some refrac-
tive-error subgroups, only 3 out of 12 possible comparisons
showed conﬁdence intervals that excluded zero.
Previous studies in humans have also been ambiguous about
the role of the anterior chamber in refractive-error development.
For example, using simple regression analyses some researchers
have reported a small, but signiﬁcant, positive contribution of
anterior chamber depth to refractive error (e.g., Stenstrom, 1948;
Hirsch and Weymouth, 1947; van Alphen, 1961; Larsen, 1971a).
However, others (Grosvenor & Scott, 1993; Scott & Grosvenor,
1993) claimed that anterior chamber depth was not a contributing
factor in either youth-onset or adult-onset myopias. Similarly,
Bullimore et al. (1992) failed to ﬁnd a difference in anterior cham-
ber depth between their groups of emmetropes, early-onset myo-
pes and late-onset-myopes. Nonetheless, McBrien and Millodot
(1987) found signiﬁcantly deeper anterior chamber depths in 30
late-onset-myopes compared to emmetropes and McBrien and
Adams (1997) also reported signiﬁcantly deeper anterior chamber
depths in youth-onset and adult-onset myopes when compared
with emmetropes. However, no changes in anterior chamber depth
were detected longitudinally during myopia progression in the
same study (McBrien & Adams, 1997).
We failed to ﬁnd any signiﬁcant correlations by simple correla-
tion analysis between corneal power and refractive error. More-
over, there were not any signiﬁcant differences in corneal power
between the hyperopic, emmetropic and myopic subgroups in
either sub-species of monkeys. Mutti et al. (2005) also failed to de-
tect any correlations between the reduction in hyperopia during
emmetropization and changes in corneal power in human infants.
For corneal power, statistical signiﬁcance was only detected by
interocular comparisons, which is arguably our most sensitive
analysis. Both paired t-tests in anisometropic monkeys as well as
simple correlation analyses showed a signiﬁcant relationship be-
tween interocular differences in corneal power and refractive er-
ror. However, correlation analysis showed that corneal power
only contributed about 10% to the development of anisometropia
(r2 = 11.5%).
In human studies, the extent of the contribution of corneal
power to refractive error varies depending on the statistical strat-
egy employed. However, sometimes even the same statistical anal-
yses have yielded opposite ﬁndings in different populations. For
example, Stenstrom (1948) found a weak correlation between cor-
neal power and refractive error using simple correlation analysis.
Hirsch and Weymouth (1947), as well as van Alphen (1961), using
partial correlations, which boosted the correlation coefﬁcients, all
claimed that the corneas were the second most important factor
in myopia development. Grosvenor and Scott (1991, 1993) re-
ported strong correlations between corneal power and refractive
error with simple correlation analyses as well as with between
group comparisons. However, Sorsby et al. (1961) failed to ﬁnd
any differences between emmetropic and low ametropic groups
in their cross-sectional studies. In agreement with our study,
Fledelius (1988) reported a poor correlation between corneal
power and refractive error in a cross-sectional study of 67 eigh-
teen-year-old subjects.
It needs to be emphasized that corneal development can be
affected by visual experience. We have previously shown that
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Fig. 4. Simple correlation analyses between corneal power and axial length in all eyes (A), hyperopic eyes (B), emmetropic eyes (C) and myopic eyes (D). For details, see Fig. 2.
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Fig. 5. Box plots for interocular differences (more myopic eye – less myopic eye) in ocular components of anisometropic monkeys. The horizontal solid line inside the box
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represent the 90th and 10th percentiles, respectively. Horizontal lines outside of the upper and lower limits represent outliers. Dashed horizontal lines are reference lines at
zero differences. AC: anterior chamber depth; LT: lens thickness; VC: vitreous chamber depth; AL: axial length; CP: corneal power.
Table 5
Simple correlation coefﬁcients between interocular differences in ocular components.
Ocular component Refractive error Corneal power Anterior chamber depth Lens thickness Vitreous chamber depth
Corneal power 0.339**
Anterior chamber depth 0.038 0.154
Lens thickness 0.055 0.148 0.167
Vitreous chamber depth 0.898*** 0.151 0.127 0.041
Axial length 0.838*** 0.237* 0.335** 0.227 0.867***
* p 6 0.05.
** p 6 0.01.
*** p 6 0.001.
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Fig. 6. Simple correlation analyses between the interocular differences in refractive error and various axial dimensions (A. axial length; B. anterior chamber depth; C. lens
thickness; D. vitreous chamber depth, and E. corneal power). Open symbols represent individual monkeys and the solid lines represent the regression function for each plot.
Y. Qiao-Grider et al. / Vision Research 50 (2010) 1867–1881 1877monkeys that had experimentally induced axial ametropias fre-
quently developed substantial amounts of corneal astigmatism
(Kee et al., 2005). The changes in astigmatism were caused by a de-
crease in the rate of ﬂattening for one of the eye’s principal merid-
ians, which results in an increase in the average corneal power.
Human studies have also reported that large astigmatic errors have
been associated with large spherical ametropias (Duke-Elder,
1970; Fulton, Hansen, & Petersen, 1982; Haugen, Hovding, & Eide,
2001; Kaye & Patterson, 1997; Kronfeld & Devney, 1930). This sug-
gests that vision-dependent mechanisms may contribute to cor-
neal changes in humans as well.
Although surface curvature, refractive index and total power are
the most relevant lens parameters to refractive error, crystalline
lens thickness has been the most common lens parameter mea-
sured in refractive-error studies because it is the easiest and most
straight forward biometric measurement for the crystalline lens. In
this respect, some human studies (Fledelius, 1995; Garner, Yap, &
Scott, 1992; Zadnik, Mutti, Fusaro, & Adams, 1995) have reportednegative correlations between lens thickness and refractive error,
(i.e. more myopic eyes have thinner lenses), other studies reported
no correlation (Bullimore et al., 1992; Grosvenor & Scott, 1991;
Jensen, 1991; Larsen, 1971b; McBrien & Adams, 1997; McBrien &
Millodot, 1987). We did not ﬁnd consistent contributions from
crystalline lens thickness in any of our statistical analyses. Even
the interocular differences in anisometropic animals did not reach
statistical signiﬁcance for lens thickness.
Age differences potentially provide a possible explanation for
the discrepancy between some human studies and our results in
monkeys concerning the contribution of lens thickness. Although
a small number of animal studies (Papastergiou et al., 1998; Smith,
Bradley, Fernandes, & Boothe, 1999a; Smith, Zhong, Nie, & Ge,
2002b; Troilo, Nickla, & Wildsoet, 2000; Zhong, Ge, Nie, & Smith,
2004) have focused on vision-induced refractive errors in adoles-
cent and/or mature animals, none of these studies has systemati-
cally examined the role of the lens in the observed refractive-
error changes. The great majority of animal studies have involved
1878 Y. Qiao-Grider et al. / Vision Research 50 (2010) 1867–1881infants because experimentally induced refractive errors are larger
and occur faster in young animals. The monkeys in our study ran-
ged from 104 to 200 days of age, equivalent to about 1 to 2 years of
age in humans (Bito, DeRousseau, Kaufman, & Bito, 1982; Boothe,
Williams, Kiorpes, & Teller, 1980; Bradley et al., 1999; Kiely
et al., 1987; Qiao-Grider et al., 2007b; Smith & Harwerth, 1984;
Teller, Regal, Videen, & Pulos, 1978; Torczynski, 1979). On the
other hand, the human refractive-error studies that reported lens
thinning usually involved children 7–8 years of age and older
(Fledelius, 1995; Garner et al., 1992; Zadnik et al., 1995). It is pos-
sible that during the early infantile stage of ocular growth, because
the lens is growing so rapidly at these ages that any ocular enlarge-
ment that would potentially cause lens thinning in older animals
would be compensated by lens growth in the younger animals.
Similar to our ﬁndings in infant monkeys, Mutti et al. (2005) re-
ported that there was no correlation between the reduction in
hyperopia during emmetropization and changes in lens power in
human infants.
Another possible explanation would be that vision-dependent
mechanisms that inﬂuence the eye’s refractive development early
in life have no effect on crystalline lens development. Speciﬁcally,
the animals in our study developed ametropias as a result of an
experimental visual intervention. On the other hand, human
ametropias may be inﬂuenced by more than just visual experience.
It is possible that some factors that contribute to human ametropi-
as might work through a different, non-visual mechanism that
inﬂuences lens development, resulting in thinner lenses in more
myopic eyes.
4.3. Vision-induced ametropias in monkeys are similar to natural
ametropias in humans
In humans, it has been reported that in comparison to emme-
tropic and hyperopic eyes, myopic eyes are more elongated and
relatively more prolate in shape with more pronounced axial
dimensions than transverse dimensions (Atchison et al., 2004,
2005; Cheng et al., 1992; Logan et al., 2004; Mutti, Sholtz, Fried-
man, & Zadnik, 2000; Mutti et al., 2007; Schmid, 2003; Wang,
Zhou, & Zhou, 1994). Although we do not have data on the trans-
verse dimensions of our animals, inspection of the results of our
statistical analyses revealed that the ocular shapes of the ametro-
pic eyes of infant rhesus monkeys, especially the myopic eyes,
were different from those of emmetropic eyes. For example,
assuming proportional ocular growth, eyes with longer vitreous
chamber depths would be expected to have ﬂatter, less powerful
corneas. However, paired t-tests indicated that the more myopic
eyes of anisometropic monkeys were characterized by longer vitre-
ous chambers and steeper corneas. Additionally, close examination
of the correlation analysis between corneal power and axial length
(Fig. 4) illustrates that while corneal power shows a negative cor-
relation with axial length (i.e., longer eyes tend to have ﬂatter cor-
neas), the slopes for the hyperopic and myopic subgroups were less
steep than those for the emmetropic subgroups. That is to say, the
corneas of the ametropic eyes were steeper (myopic eyes) or ﬂatter
(hyperopic eyes) than one would predict from the emmetropic eye
data. In other words, instead of growing in a similar manner as
emmetropic eyes, the more myopic eyes have proportionally stee-
per corneas. Moreover, the correlations between vitreous chamber
depth and axial length in ametropic eyes were stronger than in
emmetropic eyes (Table 4), i.e., the contribution of vitreous cham-
ber depth was larger in ametropic eyes than that of emmetropic
eyes, indicating that the vitreous chamber depths in the more
myopic eyes were proportionally longer than those in emmetropic
eyes, while those of the more hyperopic eyes were proportionally
shorter. MRI imaging in monkeys with experimentally induced
ametropias conﬁrm this interpretation (Huang et al., 2009). Similarresults have been reported in humans. Koretz et al. (1995), using
simple correlation analysis in 185 human eyes, also found that
the negative correlation between corneal power and axial length
became weaker, while the positive correlation between axial
length and vitreous chamber became stronger, in ametropic eyes
in comparison with emmetropic eyes.
5. Summary
Evidence from a wide range of animal species indicates that
early in life, at ages corresponding to the rapid infantile phase of
ocular growth in humans, visual feedback inﬂuences the eye’s
refractive development (Norton & Siegwart, 1995; Smith, 1998a;
Wildsoet, 1997). In this study we used several different types of
statistical analyses to determine the ocular structural characteris-
tics of vision-induced refractive errors in infant rhesus monkey.
We found that for myopia development, vision-dependent mecha-
nisms resulted in an elongated vitreous chamber and a steeper cor-
nea; however, the development of anterior chamber depth and the
crystalline lens were largely unchanged. These results are in agree-
ment with previous studies in humans, suggesting that the refrac-
tive errors commonly observed in humans also reﬂect, at least in
part, the activity of vision-dependent mechanisms and that the ef-
fects of visual experience mostly affect vitreous chamber growth.
This strong agreement in ocular structural features between mon-
keys and humans further emphasize the applicability of rhesus
monkeys in refractive-error studies and the extrapolation of the re-
sults of experimental data to the understanding of human refrac-
tive development.
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